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FULL-SCALl3 INVESTIGATION OF COOLING SHROUD AND EJECTOR  NOZZLE 

FOR A TURBOJET ENGINE - AFTERBURNER INST-ON 

By Levis E. W a l l n e r  and Ekmert T.  Jansen 

A ful l -scale   e jector  cooling investigation w a s  made on a turbojet  
engine - -afterburner  installation in the N X A  Lewis a l t i tude  wbd tunnel. 
Ejector performance was studied at primary exhaust-gas terrrperatures  from 
2700' t o  340O0 R (corresponding to  ejector  temperature  ratios from 2 -0 
t o  5 .O), primary  pressure  ratios from 1.79 t o  3.4, seconbxy aLr flows up 
t o  29 perceqt of the primary gas flow, and f o r  dlameter r a t io s  fram 
1.08 t o  1.42 and  spacing  ratFos from 0 . a  t o  1.16. In  " L i o n ,   v a r i a -  
t ions w e r e  made in the  primary exhaust-nozzle mea. 

Ejectors with large diameter ra t ios  permft the attainment of  high 
gas-flow ratios,  but  the  jet;thrust  losses  bkcomCprahibitive as the  
spacing  ratio is  increased from O.to 1.16. As the   e jector  diameter is  
reduced, the  obtainable  gas-flow  ratio Etnd the   th rus t  loss are reduced. 
Previous  results showing tha t  data obtafned-at a temperature r a t i o  of  
1.0 could  not be extrap-olated t o  determine ejector  performance at high 
temperature  ratios by the application of the  temperature  ratio  factor 
t o  the gas-flow ratios are substantiated. by the present  investigation. 

INTRODUCTION 

With the  advent of turbojet  afierburning, cooling  of  the after- 
burner she l l  became one- of the  most important operating  problems. Cool- 
ing is  important  not only f o r  structural  considerations of the after- 
burner, but  also f o r  protection of the  airplane frame fromthe  radiant 
heat of the afterburner  shell.  One so lu t ion   to  the- cooling problem is 
the use of a cooling-shroud  passage  with an ejector.  nozzle t h r o w  which 
cooling air is pumped. Some of the importarit  variables which have not 
been  adequately investigated.for  the des- of a ful l -scale  afterbuker - ' 

ejector   instal la t ion are: the  thrust   characterist ics with the  ejector,  

required to   cool   the   she l l ,  and the   e f fec ts  of changes i n  f l i g h t  speed. - 
.l the  pressures  required  to pwip air . through  the sh2oud, the air f l o w s -  

c A t  present there is a multitude of: small-scale ejector data (obtained 
i n  t e s t s  w i t h  col3 air) available Fn the literature (see references 1 
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t o  3); however, considerable doubt  remains as t o  the applicabili ty of the  
reference data to  actual  fr i l l-scale designs. The small-scale work of 
reference 4, fo r  example, indicates a first-order  deviation between the 
corrected data obtained with and without a temperature  difference between 
the primary  and  secondary jets. As for. the   e f fec t .  of ejectors on the 
j e t  thrust of a nozzle, the work most commnly referred  to  is  refer- 
ence 5, which is not  applicable t o  a turbo jet afterburning  installation. 
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A full-scale  ejector  cooling  investigation was made on a turbojet  
engine - afterburner instal la t ion in the  NACA Lewis al t i tude wind tun- 
nel.  The cooling  eaector  characteristics were studied at primary 
exhaust-gas  temperatures frgm 27QQ0 t o  3400' fir primary pressure  ratios 
from 1.79 t o  3.4, secondary air flows up t o  29 percent  of the primary 
gas flow, and for diameter r a t io s  from 1.08 t o  1.42 and spacing r a t io s  
from 0.04 t o  1.16. In addition,  variations were made in the area of 
the primary  exhaust  nozzle. 

The resul ts   of- the  ful l -scale   e jector   cool ing work done in   t he  
a l t i tude  wind tunnel at temperature  ratios from 2.0 t o  5.0 are  compared 
with the  relevant  small-scale data available i n  the literature. 

Engine. - The turbojet  engine used i n  this investigation  (fig. 1) 
had a static sea-level  thrust   rating of slightly over 3000~pounds at a 
turbine-outlet  temperature of about 1200° F. A t  rated  sea-level  condi- 
t ions  the air flow is approximately 60 pounds per.second. 

Afterburner. - The standard-tail-pipe of the engine was replaced 
by, an efterburner assenibly 80 inches i n  length  (fig. 1) , which included 
a variable-area  exhaust  nozzle  (fig. 2 ) .  Details of the  efterburner 
and cooling  shroud  assembly are shown in   f igure  3. "he Eafterburner 
assembly  included  an.annular 2-rin.g V-type flame holder and an internal  
cooling  liner, which extended from the flame  holder t o  approxhately  the 
nozzle  outlet, and had EL combustion-chamber diameter of  25 inches. In 
addition,  the  Uterburner was equipped  with an external cooling shroud, 
which consisted of an annula i n l e t  plenum chamber, a cooling-shmud 

passage 1/2 inch in  height  (for most of the length) and 4& 3 inches i n  
length, and a series af ejector  nozzles  (figs. 3 and 4 ) .  A t  the  out le t  
of the cooling-shroud passage a support  ring  for the variable-area 
exhaust  nozzle was  mounted on the coollng-shroud she l l  and extended 
about 40 percent  of the distance  across the secondary air passage. 

4 
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Six  ejector  nozzles  (fig. 41, which could be  attached t o   t h e  
shroud outlet  flange, had the following ejector  dimensions: 

Ejector Spaciw. Diameter 
configuration ra t io ,  S/Dp ra t io ,  Ds/Dp 

3 

A 

.79 1.08 - F 
1.16 I .08 E 

.79 1.08 D 
1.16 1.42 C 

.79 1.42 B 
0.04 1.42 

Configuration F differed from configuration D by the  addition of a short 
straight miang length (see f i g .  4) . 

Ins ta l la t ion  and  instrumentation. - The engine and afterburner 
assembly w e r e  mounted on a wing section which spauned the 20-foot- 
diameter test section  of  the  altitude wind tunnel ( f i g .  1). Dry refrig- 
erated air was supplied f r o m  the tunnel make-up air Rystem through a 
duct t o  the engine inlet. The inlet air duct w a s  connected to the 
engine by m e a n s  of a f r ic t ion less  s l i p  joint  which permitted instal- 
lation  drag and thrust t o  be meamed by the  tunnel  balance scales. 
Ambient sea-level air was eupplied to the cooling-shroud plenum cham- 
ber  through 8 duct  equipped  with R valve used t o  t h ro t t l e   t he  air t o  
the  desired  shroud inlet pressure. 

Instrumentation  for the engine and afterburner was installed at 
the  stations  indicated on figure 3.: The locations of  the pressure 
tubes and thermocouples at each of the instrumented stations are shown 
by the  sketches in figure 5 . .  

PRCCEDURF: 

The engine was operated at rated speed and limiting turbine-outlet 
temperature t b u g h o u t  the investigation.  For  each  ejector-nozzle con- 
figuration, the turbine-outlet  temperature w a s  maintained constant by 
Varying the afterburn& fuel  f l o w  to compensate f o r  any ch&ge in  eff ec- 
t i v e  primary  exhaust-nozzle area res-uting from  any effect  of the 
ejector on the prinary system. The primary pressure  ratto was varied 
from 1.79 t o  3;40. A t  each primary pressure  ratio  the cooling-shroud 
inlet pressure  ra t ia  was  varied between 0.85 -and 2.0, with the limit 
of the  shroud-inlet  pressure-ratio  range being dependent on the  ejector 
geometry and p r w y  pressure  ratio. The data were obtained at a pres- 
sure a l t i tude  of 30,000 feet u i th  the primary vmiable-area  exhaust noz- 
z l e  in the  full-open  position,  except f o r  a brief investigation  to 
determine the effect of primary nozzle-mea chmges on ejector 
performance. 1 

. . .  
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Basic  Ejector- Performance  Data . . - ." 

Secondary pressure  ratio,  gas-flow  ratio, and je t - thrust   ra t io  are . . " . .  
plotted  as  functions of cooling-shroud ihlet pressure  ratio  (hereafter 
designated  cooling-shroud  pressure  ratio) @ c o m . t e t  values of p r i -  
mary preBsure ratio..in figures 6 k0.11. (See fig. 3 for  station  loca- 
t ions.  The symbols and the  parmeters  are  defined  in  the  appendix.) 

. .. . " 
-1 

. . . .  - "" 

. .  

General ejector performance trends. - For 8 glven  prinary  pressure r 

ratio,  increasing  the  caoling-shraud  pressure  ratio  raised  the -6econdary 
- - . 

.. - 
pressure  ratio for all configurations  investigated  (see  fige. 6(a)  t o  
l l ( a ) )  . The difference between .;the cooling-shroud and secondary  prea- 
sure ratios  represents  the  friction  pressure loss i n   t he  annular 
cooling-shroud  passage surrounding the  afterburner-shell .  . .  

. .  

. .  . 
. . .. 

. "" - " . " .. -- - " 
. "_ . .  

Increasing  the  caoling-shroud  pressure ratio at a given primary 
pressure  ratio  also ratsed the  -gas-flow  ratio, which i s  the r a t i o  of . 

secondary t o  primmy gas flow (see   f igs .  6(b) t o  ll(b)). For the range 
covered i n  this investigation,  increasing  the  pressure  ratio  across 
the primary  nozzle Lowered. the gas-flow ra t io  because (1) higher  primary. 
gas flows  occurred; and (2)  exparkion of the primary gas flow  reduced 
the  effective mea of the secondary  passage and thus reduced the second- 
ary air flow. The primary  gas  flow  increased from 19 t o  35 pounds per ' 

second as the primary  pressme  ratio WEIS increased from 1.79 t o  3.40, 
which was the  range.  .coyered.. in this inv.estig&tion,. . . . . . . "" . "_ 

- "  . .  . . "" 
. - ._/ 
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The je t - thrust   ra t io .  i s  defined as the  ra t io  of j e t   th rus t  of  the 
complete configuration  including  the  ejector to . the   j e t   th rus t  'of t h e .  : 

primary  system  alone. For a a v e n  primary pressure  ratio,  increasing - 

the  shroud-inlet  pressure.  ratio  raised  the  jet--thrust  ratio  for all 
configurations  investigated.except  configuration A, which r d n e d  
essentially  consta~it  (see f i g s ;   6 ( c )   t o   l l ( c ) ) .  This increase i n   j e t -  
thrust  ratio. ie   a t t r ibu ted  t o  the  ihcrease iq the momentum of the  sec- . 
ondary air flow and to   the   res t r ic t ion  of the overexpansion 0-f the 
grimaxy j e t  by the secondaf-y- flow.  1ncreas.h-g  the.primary  pressure . 

r a t i o   a t  a constant  coaling-shroud presEiure r a t i o  had no effect  on the 
jet-thrust  ratio  except for  the  ejector  configurations  having both large 
diameter and spacing  ratios. The factors which influence the jet-tbruet I 

r a t i o   f o r  any ejector geometry, as the prima;ry pressure  ratio is 
increased, are: (1) there i6 less d i f fus ion   o r the  primary jet  a f t e r  
reaching  complete  expansion in  the  ejector  nozzle; ( 2 )  the  momentum of 
the secondary air f l i o w - . i s  increased by the smaller effective secondary 
air-flow  passage and-$6 decreased-By t h e .  drop.. i n  secop-y air flow; 
and (3) a probable  decreme.-occurs Fg the. mixing losses. In using  the 
jet-thrust rat ios ,  it should  be  kept in mind that   the  thrust with  the 
ejector was not-penalized  in any way for   the   in le t  mmentum of  the 6ec- - 

ondary air. . .  

. . .  . - " 

. .  
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Effects o f  changes in ejector geometry. - For configuration A, which 
had a diameter r a t i o  of 1.42 but  about zero Spacing ra t io ,  changes i n  
primary and cooling-shroud  pressure ratips had no bprec iab le  effect on 
the secon- pressure  ratio.  Increasing the spacing r a t io   fo r   t he  same 
diameter ratio  (configurations E and C (f ig6. 7 (a) and 8 (a)) decreased 
the secondary  pressure r a t i o  at a given  cooling-shroud in l e t  and p r i - .  
masy pressure  ratio.  This decre8se i n  secop-y pressure  ratio resulted 
from greater  fr iction  pressure loss brought  about by the higher second- 
ary air flow  through the cooling-shroud  passage; the higher  secondary 
air flow w a s  induced by the increased pumping action of the primary jet  
as the spacing r a t io  was raised. 

Changing the   e jec tor  diameter ra€io from I .42 to I .08 resulted i n  
reductions in  secondary air f l o w ,  which in turn decreased  the  friction - 

pressure  drop in the cooling-shroud passage and caused an increase in 
the  secondary  pressure ratio (see configurations B and D, f igs .   ?(a)  
and 9( a), o r  C and E, f i g s .  .8( a> and 10( a> ) . The increase i n  secondary 
pressure  ratio became  more pronounced at the higher primary pressure 
ra t ios  . . .  . .  

For a diameter r a t i o  of  1.42, increasing  the  spacing  ratio at con- 
s tan t  cooling-shroud inlet and primary  pressure  ratio  raised  the 
secondary air flow becakse of  the greater pumping action of the  primary 
jet. For example, at a cooling-shroud  pressure ratio of 1.1 and a p r i -  
mary pressure  ratio of  2.73, ejectors  having a aameter r a t io  of 1.42 
and  spacing  ratios  of 0.04, 0.79, and 1.16 had gas-flow ra t ios  of 0.030, 
0.059,  and 0.070, respectively (see f ig s .  6(b), 7(b), and 8(b)) .  How- 
ever, at the high  cooling-shroud  pressure  ratios, where a choking con- 
di t ion is  approachea i n  the cooling-shroud passage, changes i n  ejector  
spacing r a t i o  had less eflec-k on the  punq?i& action of the  primary jet .  
For the same change in spacing  ratio at a primary  pressure  ratio of 
2.73, the gas-flow r a t i o  Fncreased from 0,107 .to 0 ..lm at a cooling- 
shroud  pressure  ratio of I .6 - For  configurations haxTng a diameter 
ra t io  of 1.08, a second effect d s t s  which werrides  the  increased 
pumping  action of the primmy j e t  as the  spacing  ratio is increased 
with a net   resul t -of  lowering the  gas-flow ra t io .  This second effect 
is the  increase Fn flow area of the primcry jet at the exit of the  
ejector  nozzle which resu l t s  i n  a reduction of the flow  passage for the  
secondary air stream. 

An increase in primary pressure  ratio, which i rkeased   t he  expan- 
sion of  the primary jet, or  a decrease in ejector  diameter  ratio  both 
reduced the flow passage area for   the  secondary air. For &ZL ejector 

of 0.02 as the  prfmtuy pressure  ratio is raised f r o m  1.79 t o  3.40, the  
cooling-shrgud i s l e t  pressure  ratio must be  @creased from 0.975 t o  

decreasing  the  ejector diameter ratio-from 1.42 to 1.08 for a’ primary 
pressure  ratio of 3 -40 lowered  the  gas-flow  rat€o  from  0.092 t o  0.031 
(see figs. 7(b).and 9(b)) .  

4 having a diameter r a t i o  of 1.08, i n  order to maintah a gas-flow ratio 

I 1.53 (see f i g .  9 ( b ) ) .  At a cooling-sbrouCi pressure  ra t io  of 1.6, 
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For- a-given prFmary pressure ratio>--incTeasing  the  spacing  ratio 
decreased the  je t - thrust   ra t io  because  the  increased  losses due t o  dif- 
fusion of the  primary j e t  and the  greater mixing 1osses.were  larger 
than  the  increase i n  momentum and mignitude of the secondasy air  flow. 
At a diameter  ratio. af 1;42, a cooling-shroud inlet   pressure  ra t io  of 
1 .6 ,  and a primarry pr.essme ratio .of 2.73, the  jet-thrust   ratio6 were , 

0.98, 0.94, e;nd 0-.89 for  spacing  rat;ios of 0 .W, .0.79, and 1.16, 
respect-ively  (see  figs.  6(c),  7(c), and S ( c ) ) .  Changing the diameter 
ratio .from 1.42 t o  1.08 increased  the  jet-thrust  ratio  because  of  the 
lmge  reduction i n  the overexpansion of the  prfaary je t  and small 
increase i n  momentum of secondary a i r  flow. A t  a spacing r a t io  of 0.79, 
a coaling-shroud inlet   pressure  ra t io  of 1.6, and a priwry  pressure - -  

r a t io  of 2.73, the  jet-thrust   ratios were 0.94 and 1.005 for diameter 
ra t ios  of 1.42 and1.08, respectively  (see  f igs.   7(c) and 9(c ) ) .  

Changes in primary  exhaust-nozzle  Vea-were &e for configura- 
t ions A and D at prf.mery presme ra t ios  of 2.73 and 3.40. It should . 
be  r-ealized  that  these changes in  primary noz-zle area change the 
diameter and spacing  ratios -for each configuration. However, changing 
the primary  nozzle -ea does represent a con&deration in   the   p rac t ica l  
application of ejectors on afterburner  ins€CLa€ions. 

The performance of  configur&ions .A and P is -shown i n  figures 1 2  
and 13, respectively, far the  three primary exhaust-nozzle  meas - 266 
(full open), 254, md 233 square inches. The performance variations 
of the  ejector as the primaTy nozzle area is changed show the same 
trends a8 the performance variation for basic changes i n  ejector geom- 
etry.  Decreasing  the  prirmry  nozzle area results i n  an increase fn 
ejector.dlameter  ratio and a decrease i n  mixing length  because  the lips 
of the variable-.&ea  nozzle  m6ve'domstreaia - - the  area i s  reduced. A 
reduction i n  primary  nozzle  area  (increase i n  diameter r a t io )  permits 
a greater  overexpansion of the p-y Je t ,  which results i n  a reduction 
in  jet-thrust  ratio,  but  permits a greater secondary air flow, However, 
f o r  the primary  nozzle-area change reported  herein  (diameter  ratio - 

increased from 1.08 t o  1.1521, there Was- littie change- h jet-thrust  
ra t io .  The higher  secondary a i r  flow. i s  accoapimied by. a- higher a e c d -  
m y  air velocity,  causing a greater  pressure drop i n  the  cooling shroud. 
For example, reduding the.p&mary ldazzle &ea from 266.to.233 square ' 
inches for configuration D resulted Fn EL decrease in secondary pressure 
ra t io  from 1.37 to   1 .17,  -an increase in gas.flow frob 0.082 .to O.-iO4,-..- 
and l i t t l e   e f f e c t  on je t - tbrust   ra t io  at primas-y and cooling-shroud 
inlet   presaure  ratios of 2.73 and 1. GO,"~respectiV&ly (f ig .  13) . 

.. -. 

". . 

. -  

Effect of  Gas-Flow Ratio. on Primary Exhaust-Gas T e e r a t w e ,  

Ejector Temperature Ratio, and Shell Temperature 

Effect of gas-flow r a t i o  an primary  'exhaust-gas  temperature. - The 
variation of exhaust-gas  temperature' wit5 gas-flow r a t i o  at several 

. .- 
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primary pressure  ratios i s  shown in  f igure 14 fo r  a 

7 

dl the  ejector con- 
figurations  investigated. A t  high primary pressure ratios, changes i n  
gas-flow r a t i o  f o r  the range investigated had no appreciable  effect on 
the  exhaust-gas  temperature. . A t  the  lowest primary  pressure ra t io ,  
however, increasing  the  gas-flow r a t i o  tended t o  reduce the exhaust- 
gas  temperature f o r  ejectors with dismeter ratios of 1-08, but  there 
was l i t t l e  effect on the  ejector with a diameter r a t i o  of  1.42. This 
decrease Fn temperature  results from the  reduction in effective  area 
of the prFmary Jet by.  interference from the secondary air f l o w ,  requir- 
ing a reduction  in *he ta i l -p ipe   fue l  f l o w  in order t o  d n t a i n  constant 
turbine  conditions. - 

Effect of gas-flow-ratio on ejector  temperature r a t i o .  - The var- 
i a t ion  of ejector  temperature ratio (defined as the  r a t i o  of primary 
exhaust-gas  temperature t o  secondary air temperature measured at the 
in l e t  of  the eJector  nozzle)  with  gas-flow  ratio is presented i n  f ig-  
ure 15 : Figure 15( a} shows tha t  primary  pressure r a t i o  has no e f fec t  
on ejector  temperature  ratio,  but  increasing  the gas-flow r a t i o  decreases 
the secondary air temperature and thus raises the  ejector  temperature 
ratio. This re la t ion w a s  plotted f o r  each ejector  configuration, and 
the  faired  curves axe shown in  f igure  15(b) .  For each ejector  configu- 
ration, a given @;as-flow ratio defines a single ejector  temperature 
ra t io ,  and within  the range of gas-flow ratio  investigated  the tempera- - ture   ra t ios   var ied from 2.0 to 5.0. At a given gas-flow rat io ,   the  
e f fec t  of  changes i i e j e c t o r  geometry was relat ively small because the 
secondary air t e m p r a t v e  was measured at the cooling-shroud  outlet 
passage, W c h  is the  entrance t o  the  ejector  nozzle  (station d, 
f i g .  3) .  

Effect of gas-flow r a t i o  on afterburner shell temperatures. - The 
variation of  afterburner  shell  temeratures  Kith  gas-flow ratio is  pre- 
sented in figure 16 f o r .  all ejector  configurations. The aFterburner 
shell  temperature was measured at two stations : (1 jus t  ahead of the 
afterburner flame holder ( s ta t ion  c, f i g .  3) and ( 2  a t   the  inlet of  
the pr-y nozzle (station d, f ig.  3). The primary gas  temperatures 
ahead of  the flame holder were essentially  the  turbine-outlet tempera- 
ture (16600 R) f o r  a l l  operating  conditions, and at the   in le t   to   the  
p r h a r y  nozzle, primary gas temperatures were about the same as  the 
afterburner  exhaust-gas  temperature.  Variations i n  primary  pressure 
r a t io  had no effect  on the  shell  temperatures  (see  .fig.  16(a) f o r  con- 
figuration B ) .  The faired curve6 f o r  each ejector  configuration  are 
presented i n  f igure 16(b). From th i s   f igure  it is apparent  that a 
given gas-flow. ra t io .def ines  approximately  the same afterburner shell 
temperature for . d l  the  eJector  configurations  tested. An evaluation 

afterburner was equipped with a codling  l iner which extended the 
length of the combustion chamber ( f ig .  3).  

.1 of the  ejector cooling effectiveness  should  take  into  account that the 

c 
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In the  design of an aSterburner  ejector, two approaches  might  be 
considered: (1) the maintenance of conetan% . m e b u r n e r   s h e l l  tempera- . - ~ .  

ture,  and ( 2 )  constant ram pressure  recovery at t he  cooling-shroud 
i n l e t .  Because .afterburner  shell  temperature i s  d i rec t ly   re la ted . to  
gas-flow. ratFa, performance plots  are pres.&ted at constant gas-flow . . 

ratios. .For the c o n d i t l m  o f  .. comt.aat. .pressure rec.m.e$'y, performance. 
curves. are  presented for coo.Lhg-shroud i n l e t  pres&qe rat ios  which 
correspond to  values of constant  engine-M.pressure  recovery at the 
cooling-shroud i n l e t .  .The range of prtmaxy presswe  ratio.  Fnvestigat-ed, 
which w a s  from 1.79. t o  -3 ..40, .correspo-nds  to.  eqgine-inlet  pressure 
ra t ios  from 1.05 to 2.0, .or flight Mach numbers from 0 . 2 5  t o  1.08. . . 

. .  

I .- 
" 

.-, .. - 
- .- 

. .  

E jectar  'design for  .constant gas-floy ra t io .  - The variation of 
cooling-shroud inlet   pressure  ratio and jet-thrust r a t io  with primary 
press&  ratio. i s  presented in figures 1 7  and 18, respectively,  for 
constant gas-flow ra t ios  of 0.04, 0.10, and 0.16 f o r  all the  ejector 
configuratfons  investigated. A l i n e  which represents  100-percent 
recovery of engine-inlet.pressure at the in l e t  of  the  cooling  shroud 
has been  superimposed on each of the shroud @let .pressye  curves. ~. 

Operation below t h i s   l i n e  might be poss.ible  with  the  use of ram air 
alone; however, operatian above the line would. require t h e  use af high- 
pressure air f rop some aqxi1ia.q  source. . . .. ... - . . . . . -. . " . . 

Differences  ixejec-tor gecgnetry have a large  .effect  on the cooling- 
shroud inlet pressure  required to   ma in ten  a constant gas-flow ratio . 
( f i g .  1 7 ) .  A t  a diameter r a t io  of 1.42,  a  gas-flaw ra t io  of 0.04, and 
a primary pressure  .ratio of 3.04, increasing  the  spacing  ratio from 
0.04 t o  -1.16 lowered the  cooling-shroud.inlet  pressure  ratio from 1.18 
t o  0.89 (see c0nfiguratLo.w A and C, f i g .  1 7  (a ) )  . A t  the  same operating 
conditions for a spacing r a t i o  of 0.79, decreasing  the  diameter  ratio 
from 1.42 to  1.08 ijicreased the shroud -inlet   pressure  ratio,  fo r  con- 
s tant  gas-flow rat io ,  from 1.01 t o  1.48 (see  cmfigurations B m d  D, 
f i g .  17(  a) ) . As the  cooling-air flaws w e  increased, however, the 
effects of ejector geometry on cooling-shroud inlet pressure  ratio are 
diminished  (see f i g s .   l ? ( b )  and 17(c)). 

L1 
.. . L  

.. . 

. .  . * 

. 

.. " . .. 

An important  consideration in the  selection o f  the .  most suitable 
ejector geometry for the   maintemce of constant -gas-f&w ra t io  (con- 
stant shell  temperature) is the relative  posit ion of the performance 
CLU-V~B with  respect to the  100-percent ram pressure  recovery  Sine. The 
cooling-shroud 5n&t pressure  required t q w i n t a i n  low gw-flow r a t io s . .  
is coneiderahly les-s than  the  pressure  available at the  engine  inlet - 
(see  f ig .  1 7 (  a) 1 . A s  the  gas-flow ra t io  i s  increased, however, the 
pressure  required at the inlet t o   . t h e  cooling shroud become6 greater I. .. . 
than  the  pre-ssm-  available at the engine. inlet and t h u  'would require 
an auxiliary sup-ply of high-pressure aLr. 

- .  

- .  . "" 

.. 

. .  

" I 

. n ." 

. -  - .  . -. 
- . " .. . 
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The variation of j e t - thrus t   ra t io   x i th  primary  pressure  ratio f o r  
gas-flow ratios of 0.04, 0.10, and 0-16 fs presented i n  figures  18(a}, 
18(b), and =(cy,  regpectively, f o r  a l l  ejector  configurations. A t  a 
diameter r a t i o  of 1.42, increasing  the spacFng r a t i o  from 0.04 t o  1.16 
resulted i n  reductions fx je t - thrust   ra t io  as high as 15 percent. How- 
ever, changing the  spacing ratio fQr a d.iameter ratio of 1.08 had a much 
smaller effect  on the  jet-tPrrust r a t io .  Lowering the diameter r a t i o  
from 1.42 t o  1.08 resulted i n  thrust increases of b u t  8 and 12 percent 
for spacing  ratios of 0.79 and 1.16, respectively  (see  figs. 18(a), 18(b),  
and 18(c)}. 

Ejector design for  constant  engine-inlet ram pressure  recovery. - 
The variation of gas-flow. ra t io . .  and jet-thrust  r a t i o  &u1 primary  pres- 
sure r a t i o  i s  presented in figures 19 and 20, respectively,  for  constant 
pressures at the coolfng-shroud inlet of 100, 70, and 40 percent of  the 
ram pressure  mailable at the engine M e t .  A t  a given ram pressure 
recovery, the ejectors with larger diameter ratios permitted a substan-' 
t i a l l y   g rea t e r  gas-flow r a t i o   t o  be  obtained a t  any primary  pressure ' 

ratio ( f ig .  19) . For example, at a ram pressure  recovery of 100 per- ' 

cent, a primary pressure  ratio of 2.73, and a spacing r a t i o  of 0.79,. 
ra is ing  the diameter r a t i o  from 1.08 t o  1.42 increased the gas-flow 
ratio from 0.082 t o  0 .=6. For ejector  configuration C, reducing  the 
ram pressure  recovery from U O .  t o  40 percent lowered the  gm-flow r a t i o  
from 0.126 ta 0.088 at a prfmary pressure r a t i o  of  2.73. The effects  
of  variations in edector .geometry on the   j e t - thrus t   ra t io   a t  Gonstant 
ram pressure  recovery  (fig. 20) are simihxr t o  those  Fndicated f o r  
Constant gas-fLoW =ti0 ( f ig .  18). 

Design cr i te r ion  for optimum performance. - In  the  selection of an 
optimum ejector  design, a'"compromise must be  reached by weighing the 
following  factars.: (I) the secondary air-flow required to  keep the 
afterburner skin. temperature  withln  allowable limits, (2) the  pressure - -  

tha t  would be  &vailable at the  inlet t o  the cooling shroud, and' (3) the 
thrust Loss at c r i t i c a l  flight conditions. From figures .17 t o  20,' it 
is  possible t o  develop a qualitative  idea of  'the effect  of ejector 
geometry on the gas4!'low rat io ,   the   coola-shroud  pressure  require-  
ments, and the jet-thrust  penalties. An examination of these  curves 
leads  to   the follow%ng generd- c.onclusions: 

(I} For ejectors  wlth  large diameter ratio.6,  reasonable gas-flow 
ratios can be obtained at relat ively low pressues at the entranCe t o  
the cooling shrorid, but tJktbrust b a s e s  become prohibitive as the 
spacing ratio is increased from 0 t o  1.16 

(2)  For ejectors with small diameter  ratios,  reasonable  gas-flow 
ratios can be obtained on ly  at high cooling-shrmid inlet pressures;. 
however, . the.   thrust   characterist ic 's  are superior t o  those obtafned f o r  
ejectors  with  large dikter ratios. A t  high fU@t Mach numbers, use 
of the  small-diameter-ratio  eJectors. may permit the  attainment of a 
j e t  -thrust gain. . .  



(3) From the data presented;' it i s  evident  that a particular  eJec- 
tor configuration  for a f71ght installa+,ion wi l l  deg&d'on the  specific 
design  requirementa. However; resul ts  of  the  preserrt  ejector  investiga- 
t ion show t ha t  maximum air-flow-and  thrust  chaxacteristics  cannot be 
obtained from any. me' e Sector geometry, but -that compromises must be 
made of one for - the   o ther .  

Inve-stigation of Effect of Teqperature  Ratio 

on Corrected  Ejector PerfarmSmce 

A comparison of test  data obtained from two independent  sources 
(references 1 and -2) is  presented i n  figure 21. .fo_r..similq ejector i 
geometries and . fo r  equal. p m y  and secondary a i r  temperatures. This i 
comparison is made with gas-flow r a t i o  as a function of primary  pres- 
sure . ra t io   for  two  secondasy pressure  ratios.  Because the  data from 
both sources show--good agreement  even  though the primary  nozzle diam- 
eters were 0 -78 a3id 4 .O inches  for  references 1 and 2,' respectively, 
it appears that there,-are no scale  effects.  - 

When the  temperatures of  the  secondary and primaxy air stream8 are  
not  equal,  the  squase  root of the  temperature  ratio is suggested as a 
generalization  factor f o r  the  gas-fl~w  ratio  references 3 end 6.. . A n .  
investigation  to  determine  the  validity  of this temgerature-correction 
factor .on the generalization of the gas-flow ra t io  i-s. reported  in  ref-  .. 

erence 4 .  Data that  indicate the effect  of .temperature r a t io  on the 
corrected  gas-flow  ratio  for a hypothetical and an experimental ejector 
configuration are reproduced from reference .4.  i n  figure 22. . Increasing 
the  temperature  ratio from 1.0 to  3.0 at a primary pressure  ratio of 
1 .6  decreased  the  corrected mass-flow. r a t io  about 25 and 18 percent 
for  the  hypothetical a d  experimental  ejectors,  respectively, a t  second- 
ary  pressure  ratios of  1.00, 1.05, and 1.10. It i s  therefore apparent 
tha t   fo r   t he  range  covered this  &rve-stigation changes .in. temperature 
ra t io  between the primary and secondary air flows haye a first-order 
effect  on the  corrected  gas-flow  ratio. 

The data obtained in  the  full-scale  altitude-wind-tunnel  ejector . 

investigation a t  temperature ra t ioe from 2.0 t u  5 .O are compared i n  . 

figure 23 with model data from reference 2 f o r   t h e  same ejector geometry. 
with a temperature . r a t io  of 1.0. A t  given  Erimary and secondary  pres- 
sure  ratios,  the  corrected  gas-flow ratios indicated by the  small-scale 
ejector  data at a temperature r a t io  of 1.0 were muclilarger  than  those ' .  
indicated by the  full-scale  ejector data obtained  in  the  altitude-wind- 
tunnel  investigation at temperature ra t ios  from 2 t o  5. For example, 
at a primary  pressure  ratio of 1.8 and a secondary  pressure r a t io  of 
1.05, the  corrected gas-flow r a t i o  f o r  the hot, fiCL-scale &ta I s  
about 55 perkent of the cgnounG indicated by the  cold model &ti. Ecru- , "" . 

.. 



N A C A R M E 5 L J 0 4  
I 

11 

Reference 6 indicates   that  a s m a l l  var ia t ion   in   s ta t ic   p ressure  of  - the  secondary air between conditions of: Wfkreq t   e j ec to r  temperature 
ratios WXLI produce s~ibs tan t fa l  changes in %he corrected gas-flow r a t io .  
For axi exarrq?le shown in  the  reference  report where the secondary t o t a l  
pressure was the same but  the  secoidary static pressure  differed  by 
about 0.2 of  I percent,  for  hot and cold data, an e r ror  of 35 percent 

likely that   differences  in secondary s ta t ic   pressure between hot and 
cold  ejector data consti tute a factor  that  prevents  the  generalization 
of gas-flow ra t ios  by the shple temperature-correction  factor. 

cu was obtained  for  the  corrected  gas-flaw  ratios.  Therefore it seem 

From these comparisons it is appuent   tha t  e j e c t o r  performance 
data obtained at a temperature r a t io  of 1.0 cannot  be  extrapolated to 
the  temperature  ratios required of turbojet  tgterburpiw.  operation by 
the simple temperature  correction  factor  suggested in references 3 
a d  6. . ,  

SUMMARY OF RESULTS 

The followfng result8 were obtained from a ful l -scale   turbo  je t  
engine; - afterburner  installatian equipped with a cooling  shroud and a 
series of  ejector  nozzles: 

" 
I. For ejectors with large diameter ratios, reasonable  gas-flow 

ratios  could be obtalned  at   relatively low pressures at the  entrance to 

i n g  r a t io  was increased from 0 to 1.16. 
- the  cooling shroud, but  the  thrust  losses became very  large as the  spac- 

2 .  For ejektors with small diameter ratios,  reasonable gas-flow 
ratios could be obtained  only at high  cooling-sbrou4 inlet  pressurest 
however, the  thrust  characteri.stics. were superior +O those  obtained for 
ejectors  with  large diameter r a t io s .  At @@I flight Mach numbers, use 
of the SmaJI-diamete? rat ia   e jectors  may permit  the attaFrvnent of a small 
thrust gain over a simple  convergent nozzle. 

3. Changes in the  variable-mea exhaust nozzle  (primary  system) 
had the same effect  on ejector performance as  the  corresponding changes 
o f  ejector diameter a;nd spacing  ratios Wlth constant  primary  nozzle 
-ea. 

4 .  For a 'given gas-flow ratio, 8 single ejector  temperature  ratio 
and afterburner shell temperature were obtained f o r  all ejector  nozzles 
investigated.. " 



5. The full-scale: altitude-wind-tupnel  investigation of ejectors 
ver i f ied resu1t.s: previously  reported - that .secondary air-flow data 
obtabed-   a t  a temperature ratio of 1.0 could not be extrapolated-  to 
determine air flow at temperatsire ra t ioe  between 2.0 and 5.0 by the 
application of t h e   t q e r a t p r e - r a t i o  factor . .  t o  . the gas-flow ra t ios .  - p u  

= 

- .. " . . .  

. . . . . . . - 

. .. w -a. 
(D 

" .  

Lewis F l i g h t  Propulsidll  .Lakoratory - - . . - - . - - . . . . . . - . .  

National  Advisory Committee for Aeronautics 
.. . - -  - ." .. " 

Cleveland, Ohio 
. -  

.. . 
. ". . ". . 

. . .  ...- 
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Symbols 

cross  sectional  mea, sq 

thrust-scale balance force, Ib 

jet-thrust   coefficient,   ratio of scale jet thrust to rake jet 
thrust  (without  ejector) 

flow coeff icier& 

thermexpansion co-efglcient,  ratio of hot exhaust-nozzle area 
to cola exhaust-nozzle mea 

diameter, ft 

external drag of instal la t ion,  Ib 

jet thrust, l b  

acceleration due to  gravi ty ,  32.2 ft/sec 

mixing length, f’t 

kt& pressure, Ib/sq f t  absolute 

static  pressure,  lb/sq ft absolute 

impact pressure (P-p), Ib/sq ft absolute 

2 

g&s constant, 53 -4 ft-lb/(lb)(%) 

distance from primary nozzle exit t o  ejector  nozzle-section exit 

t o t d  temperature, OR 

metal temperature, OF 
static temperature, OR 

velocity, fi/sec 

air flow,  lb/sec 

fue l  flow, Ib/br 
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W . primary gas flow, l .b/sF. , . - .  

wS 
s e c o n w y  air flow, lb/sec . .  

r ra t io  of specific  heats of gases - 

P 
. . .  

Subscript: 

e . engine . .  

Primary instrumentation stations : 

.... ... 

. .  

" 

. . .  .. 

. . "" 
- 7 

"" . . . ". -._" ." - __._ 
. I .-._-- 

r exhaust-nozzle  survey rake . . "- " 

t tail.-pipe 

. . . .  0 free-stream - "  

I . i n l e t  air duct 

P primary exhaust  nozzle-autle?, 1 inch . . .  upetream o f  exhaust- 
-- 

nozzle  fixed portion outlet  . - - 

- - . ." 
- I .  

- 1  .-" -1 _" 
. " . - - " 

Secondazy instrumentation  stations : . " I 
. " 

. . .  A venturi in seconbry d r  supply l ~ e  upstream of plenum chamber i. 

b plenum  chamber 

C cooling-shroud . inlet  .. '. 

a cooliag-shroud outlet  

.. . . . . . .  .. . . . . . . . .  8 secondary  ejector-nozzle.inlet . . -  , _. " 

Parameters : " 
" . .  

D J D ~  ejector diameter r a t i o .  

s/% ejector spactng ratio 

. . .  . .  . ." . .  

. .  
. .  
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Methods of Calculation 

Primasygas f low.  - Air f l o w  at  the engine inlet was determined 
f r o m  pressure and temperature measurements obtained in the M e t  air' 
duct by the equation . . 

P r m Y  €588 flow in the  tail-pipe is 

w + w  f,e f , t  
WT = Wa,l + 3600 

Secondary Etir flow. - The secondary aLr flow was measured at   the 
venturi  located upstream of '  the shroud-inlet plenum chamber.  Because 
the  velocity.of  the alr was low at this station, the following kcom- 
pressibk equation was used: 

Jet thrust of comblned primary and secondary systems. - The com- 
bined j e t  thrust was determined from the balance-scale measurements by 
the following equation: 

The last two terms represent mmentum a d  pressure forces, respectively, 
acting on the  installation  at  the slip joint i n  the M e t  air duct. The 
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Je t   th rus t  of primary system. - The j e t  thrust of the  primary sys- N 
tern was calculated from exhaust-nozzle. outlet pressures and tail-pipe 
gas f low obtained  simultaneously  with  the  cmJined"-jet. $-%st of the 
primary and secondary system. . . . .  . .  . .  . ." .. -. " 

-%. 
- ---a- . " 

... 

where the subscript n  denotes  the  station at .the primary nozzle vena 
contracta and the  Jet  tbrust coefficient C j  determined from previous 
engine oTeratian w a ~  0.97. The c h a r t a  i n  reference 7 were used i n  the 
solution of the preceding equations. 

'. 1 3  - - 
. 

.. - 
" 

- "~ 

1. TFmbie, T .  R. :  Additional Data on the Use of Ejectors at the  Jet  
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0 static-pressure rake 

0 Total-pressure tube 
y Thermocouple 

o r  w a ~ ~  o r i f h e  

Engine air supply (80 in. 
upstream o f  engine idlet) 

/ i \  ' 0  

(a )  Primary measuring stations. 

Figure 5.  - Cross sections showing location o f  i w t w n t a t l o n .  
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Figure 6. - Variation of ejector performance parametera with waling-ahmud In le t  
pressure ratio for configuration A. 



24 - NACA XM E5U04 

1 
(b) Gaa-flow ratio. 

- .  

.O 

.Q 

I I 
.e. . . -  . . .  .80 . 1.0 1.2 . 1.4 . 1.6 

- 
1.8 ." .... 2.0. - .  ..%+ 

- - . > . .  . 
Cooling-shroud Inlet pressure ratio. pdpo - 

(c) Jet-thrust ratio. . . .  .. - - .  .. . 

Figure 7 ,  - Variation of ejector performance parametera u l t h  aoolil2g-ahmud inlet pres- - 

- " .. . " """ 

mre rat1o.for annfiguratlon E. . . .. 
L .  " 
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( c )  Jet-thrust  ratio. 

Figure 8. - BerlatFon of ejector perfomL4nce parametare nith cooling-shroud inlet  pressure 
ratio for ccafiLplration c :  - 
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0 
(b) ma-flow ratlo. 

1 .1  

s 
A1 .o 
:,a 

gi . .  
ra 

s 
.s 

co~~ng-shraud in le t  preasure ratio. p d p o  

( c )  Jet-ttuust ratio. 
Figure 9. - mriation of ejeotor performance parametera with coollng-shroud in le t  pres- 

m u m  r a t i o  for aonfisuratlon D. 
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(c) bat-thruat ratio. 
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. 1 E  

1.0 L 2  1.4 1-6 1.8 2.0 2.2 
Cooling-ahraud inlet pressure ratio, %/Po 

(c) Jet-thrust  ratio. 

Figure 12. - Effect of changes i n  primary nozzle area on variation of ejector performance 
parsmcters uith ccmling-ehroud Inlet preesure ratio f o r  configuration A. 

rL. 
I 
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" .. 
(a) ~econdary pressure ratio. 

co~llng-sbro~d t o t  greaeure.  ratio, pb/po 

(c) Jet-thrust  ratio. 

Figure Y. - Effect of changes ia primary nozzle area on variation of ejector performance 
perametera vith coollng-ahmud Inlet preseure ratio for conPigurstion D. 
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3000 

2600 

(b) R W  pressure ra t io ,  2.UL 

(c) primary pressure r a t i o ,  2.38. 

(a) primary presmue ratio, 2.73. 

(f) primary preasure ratio, 3.40.. 
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(b) V a r i a t i o n  of temperature ratio for all configurations. 

F l w e  15. - Variation of ejector tearpereturs ratio vith gas-flw ratio. 
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2.0 

1.42 0.04 

1.42 1.16 

1.6 
1-08 1.16 

1.2 

.a 

. " 

. .. " .  
.. "" "" 

." . " ." 

1.6 2.0 . 2.4 2.8 3.2 5 ..6 
F r l ~  preesure ratio, P /p 

P O  
( c )  Gas-flow ratio, 0-16. 

Figure 17. - Variation of cooling-ehroud pressure ratio with primary preaeure ratio for callstant 
gae-flow ratio. . .  - " 
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(a) - - f low ratio, 0.04. 

1. 

1. 

1 r I I 
1 I 

a 
1.6 2.0 2.4 2.8 3.2 3.6 

. . .  . 

Prfmary  pressure ratio ' pdpo 
( C )  GsS-flou ratio, 0.16. 

Figure 38. -.Variation of jet-thrust  ratio with primarsr pressure ratio at constant 
"flov rstio. 
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1.42 0.04 

1-42 1.16 

(b) 70-percent engine-inlet ram peesure racovery at 
entrance to cooling shroud. 

Primary pressure ratio, P /p 
P o  

(c) 40-percent engine-inlet ram preEEWe recovery at - 
entrance to cooling shroud. 
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(b) Bpacing ratio, 1.16. 

Figure 23.. - Cmupaf-IeUn O f -  full-scale 'ejector data obt+nta at temperature ratios 
f r o m  2 to 5 with small-scale'ejector &ita obtained at a temperature  ratlo pi 1.0. 
MaPleter ratio, 1.08. 
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